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Gadolinium thin films approximately 100 A thick have been grown epitaxially on(8081)
substrate. A threefold characterization has been performed. The surface structural analyses of the
yttrium substrate and the gadolinium films were performed using x-ray photoelectron diffraction
(XPD) and low-energy electron diffractioLEED). The results of the XPD and LEED studies
strongly suggest that gadolinium films have an effectiye Surface symmetry, consistent with
earlier studies of other hq@002) surfaces. The elemental analysis of the substrate and the film was
done with x-ray photoemission using Mg, Kla x rays and synchrotron radiation. The magnetic
analysis is based upon magnetic x-ray dichroisms observed in angle-resolved photoelectron
spectroscopy, using both linearly polarized and circularly polarized synchrotron x-ray radiation as
the excitation. Photoemission from the G# dnd 5 core-level states were used in this magnetic
characterization and will be presented. This includes novel magnetic linear dichroism angular
distribution results for the Gdgh which exhibit up to 40% asymmetry, on a par with the previously
reported circular dichroism results. €98 American Vacuum Socief$0734-210(198)01603-(

[. INTRODUCTION screened by the valencal@nd 6 electrons, gadolinium is
o ) ] an excellent example of a local ferromagnet, having a bulk
Surface magnetism is an interesting phenomenon resulp ie temperature of ;=293 K
. c .
Ing from .the rearrangement of _the surfa_ce atoms, thus pro- The surface magnetic properties of Gd are strongly depen-
‘?'“C'”g different magnetic ordering than in the bulk. In Pargent on the geometric arrangement of the surface atoms. It
.tlcular', the surfaces of rare.—earth metals hgve been' heavi as observed by Wellest al® that Gd0002) films grown on
investigated because of their novel magnetic properties su (110 show a magnetic surface reconstruction leading to
an enhanced surface Curie temperature of 315 K, or 22°

as enhanced magnetization at the surface, imperfect ferro-
magnetic alignment of the surface with the biifkand dif- igher than the bulk. The higher surface Curie temperature
was attributed to the enhanced magnetic order at the

ferent magnetic coupling at the surface, as opposed to tha
within the bulk. However, the studies of surface phenom- 6 " .
enon of rare-earth films present a challenge to the exper_urface. However, the growth condition, postannealing, and

mentalist owing to the strong chemical reactivity of the rare—the quality of the Gd film do play an important role in en-

earth elements, which makes it difficult to grow a clean and'@¢ing the surface magnetic order. Scanning tunneling mi-
well-ordered thin film, avoiding interdiffusion with the sub- C'OSCOPY gnvest|gat|0ns carried out by Tober and
strate and maintaining an atomically clean surface andzﬁ|m_co-worker§' have shown that gadolinium grows in a

Here, we report the results of an investigation of the strucmultilayer mode rather than layer by layer o(140. Also,
ture, elemental composition, and magnetic properties of gathe postannealing of the resultlng_fllms _produ.ces monatomi-
dolinium thin films grown on a yttriun0001) substrate. The cally stepped surfaces or three-dimensional islands depend-
attraction to study gadolinium comes from the possibility ofing upon the annealing temperature. They further show that
a simple atomiclike configuration, which has seven unpairedelative to bulk Gd, the Gd monolayer is expanded by 1.2%
electrons in the ground-statedl¥5s25p%4f7 configuration. along the WO001] direction and compressed by 0.6% along
In this case, the spin of all severf #&lectrons are aligned, the [—110] direction, thus leading to corrugated film
giving a total spin angular momentum number of 7/2 andgrowth. In order to eliminate the substrate strain effect on the
total orbital momentum number of zero. As a result of thisgrowth of the gadolinium film and its subsequent complica-
high spin state, Gd has the largest magnetic moment of théons, we have chosen a close lattice-matched yttrium sub-
rare earths, close to @B.* As the 4 shell electrons are strate, which should lead to an epitaxial, layer-by-layer,

Frank—Van der Merve growth and thus strain-free growth of

¥Electronic mail: sanjay@hb17-36.als.lbl.gov the film.
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Fic. 1. (a) Experimental geometry for synchrotron radiation photoelectron spectroscopy and KWNKPS: The synchrotron x rays are incident at an angle

30° relative to theY' Y’ axis. The photoelectrons are collected along the sample normal to the direction. The angle of incidence for the AKanchifgtion

is 45° above the horizontal plane and at an angle 55° in the horizontal plane. The Al akdvMMgans were also collected at normal emissiphMg K «

(1253.6 eV XPS spectrum from a 0001 substrate for sample B. In this case, small oxygen, fluorine, and chlorine contaminants are present.
(c) Al Ka (1486.6 eV XPS spectrum from G@0021)/Y (0001, sample B. Note the lack of contamination.

The magnetic properties of @D01/Y(000) were (MLDAD)*?2and MCDAD?%*in the 4f and MCDAD*>%®
probed using magnetic dichroism in an angular distributionsn 5p core-level photoemission.
technique’=2’ a photoelectron spectroscopy based technique
which obviates the need of spin detection by exploiting the
difference of angular distribution of photoelectrons induced“' EXPERIMENT
by magnetization reversal. Thus, this spectroscopy measures The photoelectron experiments were conducted at the
an intensity difference reflecting changes in spin polarizaSpectromicroscopy Facility, Beamline-7, of the Advance
tion. The linear dichroism experiment is performed in a chi-Light Source Facility in Berkeley, CA at Lawrence Berkeley
ral geometry where the magnetization vector is orthogonal tiNational Laboraton?’?® Beamline-7 is located at an undu-
the plane containing the Poynting vector and the linear pofator port, providing the source of tunable linearly polarized
larization of the incident photon as well as the emission di-soft x rays. Circularly polarized x radiation at 95 eV is gen-
rection of the electrons. In the circular dichroism experimenterated using a novel phase retartfeA diagram of the ex-
[magnetic circular dichroism angular distribution perimental geometry is shown in Fig(al The x rays are
(MCDAD)] the Poynting vector and the helicity of the pho- incident at an angle of 30° from th¥ axis. In the linear
tons and the sample magnetization are approximatelpolarization experiments the electric-field veckis in the
collinear!=2° We report MCDAD results for the Gds  xy plane. In the circular dichroism experiment the helicity is
level, including in the photon energy range corresponding tgarallel or antiparallel to the Poynting vector of the photon.
the Gd 41-4f transitions, which can give rise to resonant Photoelectrons are collected at normal emission along the
photoemission. Our results will be compared to those previaxis with 2° resolution, with the intensity normalized to the
ously reported magnetic linear dichroism angular distributionphoton flux by an Au mesh drain current measured upstream.
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Fic. 2. Normal emission synchrotron radiation photoemission from L °
Gd(0001/Y(000)) at a photon energy of 137 eV. Two configurations are o
shown, with the magnetization alongZ and —Z. The sample was rotated [ J Cov
180° to achieve magnetization reversal. Besides the Gd derived peaks, ® C3,

oxygen-related features at a binding energy of about 5 eV are apparent, plus — O
L [1100]
the front edge of the FeBcore level at a binding energy of 53 eV.

1izo] ()

In all dichroism EXpelfimemS’ the magneti;athigs in the Fic. 3. (8 LEED pattern from YO00)) at 44 eV primary beam energy
plane of the_gample: in the MLDAD eXpenmenM’ls along (b) .LE.ED pattern from G@O001)/Y (0001 at 49 eV primary beam energyi
+/—2, positioned orthogonal to the electric-field vector of () Schematic representation of the relation between the structure and the
the exciting radiation; in the circular dichroism experiments,LEED pattern observed for the h¢@001 surface. The superposition of
Mt i along-/ Y. We have assumed that the magnetzation EED P17 men by o posie enans of e suece e
is, in fact, in the plane of the surface alom_ZQ a direc- terns are taken from the Masters thesis of Sherwood.
tion corresponding t¢11-2Q of the Y(0001) surface. This
assumption remains under investigation.

The yttrium crystal was aligned by Laue diffraction and |Il. RESULTS AND DISCUSSION
mechanically polished with a &m diamond solution. The A E| al vsi
crystal was mounted on a two-axes manipulator allowing - emental ahalysis
variations of polar®) and azimuthal(®) rotation necessary The preparation of clean and well-ordered single-
to perform x-ray photoelectron diffractioiXPD) and the crystalline rare-earth metal is a delicate matter due to the
change of magnetization direction required for the dichroismhigh chemical reactivity of rare-earth metals. Spin-resolved
experiments. The yttrium substrate was cleaiteditu by ~ photoemission experiments by Mclirat al*? have shown
sputtering with a 1.5 keV beam of argon ions and then anthat a Gd0002) surface exposed to as little as 0.25 ML of
nealed at 875 K. oxygen forms an oxide with reduced magnetic properties,

Gadolinium thin films~100 A were grown at room tem- thus, elimination of surface contaminants is essential. There
perature on a ¥000]) crystal using an e-beam evaporator. are basically two sources of contamination: one from the
An approximately 100 A film was grown because the Curiesurrounding ultrahigh vacuum environment such as carbon,
point is expected to be significantly reduced from the bulkoxygen, and hydrocarbons and the other from the bulk such
value of 293 K for thin Gd films< 15 ML.2° The film thick-  as chlorine, fluorine, and iron. The contaminant from the
ness was monitored by quartz-crystal microbalance. The filnsurrounding can be well avoided by carrying out the experi-
was grown at the rate of 15 A per minute. The base pressum@ent in a “clean” experimental chamber where exposed
rose from 5<1071%to 3x 10" ° Torr during deposition. The parts are properly baked and outgassed. The inherent impu-
film was ordered by a short anneal of 45 s at 710 K. Theities are difficult to remove as they readily diffuse out to the
quality of the substrate as well as of the film was checked viaurface upon annealing.
x-ray photoelectrons excited using Mgx and AlK « radia- In order for gadolinium to grow epitaxially on the sub-
tion, respectively. The crystallinity of the film was monitored strate it is necessary to have a contaminant-free substrate.
via low-energy electron diffractiofLEED) and XPD. The Repeated sputter anneal cycles for long hours can drain out
Gd films were magnetized in plane by the pulses of 100 kOebulk impurities. However, it is unlikely to get rid of all these
from a nearby solenoid. All magnetic measurements werémpurities. X-ray photoemission spectroscop¥PS) per-
made in remanence. From previous studies of0Bd1)/ formed on a preannealed yttrium substrate, which was car-
W(0001), the magnetization of the film is expected to lie in ried through 20 h of sputter/anneal cycles show the presence
the plane in a single-domain st&feTwo samples were pre- of a substantial amount of oxygen and a small amount of
pared: A and B. They will be described in the section toiron. Annealing the substrate at 875 K eliminated oxygen
follow. The samples were cooled with liquid nitrogen, with from the surface, but this high annealing temperature al-
an estimated temperature around 250 K. lowed iron to diffuse on the crystal surface. A Mg XPS
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Fic. 4. XPD of the clean Y0001 surface and G@001/Y (000)) film. (a) Azimuthal-angle scangb) Polar-angle scans. Both sets of data were collected using
the sample A substrate and M radiation(1253.6 eV. (c) The schematic representation of forward scattering events in hcp stacking for azimuthal and
polar-angle scans.

of a thin Gd film grown on this substratsample A also to perform an analysis of the substrate surface before grow-
shows the presence of iron contamination, which possiblyng an epitaxial film on it. LEED and XPH are suitable
diffused out from the yttrium substrate upon annealing. Withtechniques to study the surface structure as the former is
much longer hours of the sputter/anneal cycle we were ablsurface sensitive because of the large elastic cross section of
to produce a yttrium substrate that was fairly free of oxygerelectrongapproximately 1 A, the latter is fairly surface sen-
and iron contamination, Fig.(t). During this cycle, the sub- sitive but elementally specific. LEED patterns from a clean
strate was annealed at lower temperature but high enough ¥(0001) surface and G@001)/Y (0001 at 44 and 49 eV,
reorder the surface. However, we were unable to completelyespectively are shown in Fig. 3. The sharp<(1) patterns
eliminate halide contamination from the surface. An Alimplies the existence of a well-ordered0001) surface and

Ka XPS of a thin gadolinium film grown on this substrate Gd(0001)/Y (000 film and provides information about the
(sample B does not show any trace of oxygen, iron, or ha-symmetry of the surface. In both cases, the LEED pattern
lide contamination, Fig. (t). It is possible that iron may indicates that the surface has a sixfold symmetry but the true
remain undetected due to a low photoionization cross sectiogurface structure possesses a lower local symmetry as sug-
of core levels at AKa radiation®® The XPS spectra obtain gested by Shihet al3® for hexagonal close-packed-type
at 137 eV using synchrotron x rays show less than a fevatomic stacking. This situation occurs when the surface con-
percent of iron contamination on the ®@01)/Y (0001 film,  tains two domains and are oriented with respect to one an-
Fig. 2. Thus, it is advisable to check for contaminants at thesther precisely by a symmetry operation. As shown in Fig.
photon energy where its core-level photoionization cross se(c), the “ideal” hcp(0001) stacking exhibits two different
tion is maximum. Also, the annealing temperature could bg EED patterns depending on the way in which the bulk is
optimized to produce a well-ordered surface without segreterminated. The two patterns have threefolg)-€/pe sym-
gating iron on the yttrium surface. While sample B exhibitedmetry rotated by 60° with respect to one another. The com-
a fairly high degree of cleanliness, the sample A surfacgosite effect appears as an effective sixfold symmetry of a

exhibited worse contamination, particularly from iron. Ce,-type arrangement of atoms on the surface.
B G ric struct The result of XPD studies of the (§001) and the
- beometric structure Gd(0002)/Y (000)) is shown in Fig. 4. The XPD measure-

The surface ordering of the substrate plays an importantents were performed in an angle scanned mode using the
role in the growth of an epitaxial film. Thus, it is important yttrium 3d and gadolinium 4 photoemission lines for sub-
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Fic. 6. The MCDAD in the photoemission electron distribution curves of
Gd(0001)/Y (000)) at a photon energy of 95 eV for parallel and antiparallel
arrangement of photon helicity and magnetization. The raw spectra and
difference curves are shown. A peak-to-peak asymmetry of 20% is shown.

During the film growth, these surface defects and steps in-

troduce stress in the film. The observed reduction in the XPD

Fic. 5. An x-ray absorption spectrum of @D01/Y (0001 recorded in a

total electron yield mode. The prepeak structure occurs around photon erdisorder in the film.
ergies of 135-143 eV and the giant resonance is at a photon energy of 148 Using the XPD scans, a “mirror” plane was chosen for

eV. The spectrum was taken from the Masters thesis of Gammon.

intensity of the G¢{001)/Y (000 film may be linked to

the MLDAD and MCDAD experiments. The magnetization

vector was then induced in the plane of the surface, perpen-

strate and film, respectively, with excitation via Mg ra-

dicular to the mirror plane. The presence of the effectiye C
mirror plane is essential to both the MCDAD and MLDAD

diation. The_XPD technique is bas_ed on the principle of for'experiments. As we performed them, in the MCDAD experi-
ward focusing where the outgoing core-level or Augerment, we reversed helicity instead of flipping the magnetiza-

photoelectron intensities are enhanced along the azimuthal
and polar angles corresponding to the direction connecting
the emitting atom with its nearest and next-nearest
atoms'®® Since the core-level peaks are element specific,
observation of the direction in which their intensities are
enhanced constitute a local probe of the structural environ-
ment around the emitting atom. The forward scattering
events for the hcp structure of (300) and Gd0001/

Y (000)) observed in azimuthal and polar scans is illustrated
in Fig. 4(c), together with a schematic diagram, which quali-
tatively explains the observed XPD patterns. Notice that in
the azimuthal-angle scan, the forward focusing event pro-
duces intense peaks at 60° and 0° and less intense peaks at
90° and 30° corresponding to the directiphl—20 and

[ —1100], respectively. The less intense peaks at 90° and 30°
result from the scattering events from atoms farther away
from the emitter. The repetition of peaks at every 60° indi-
cate that on the average the emitter atom is located in a
sixfold symmetric environment of the neighboring atoms.
Similarly, a qualitative explanation for the polar-angle scan
pattern observed for the (§001) and Gd0001)/Y (000)) is
illustrated in Fig. 4c). For the observed sixfold symmetric
XPD pattern of the Y0001 substrate and the @001/

Y (000)) film we suggest that gadolinium film deposits epi-
taxially layer-by layer on the §0001) substrate and not by
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Fic. 7. The MLDAD in the photoemission of Gdpbfrom Gd0001/
Y (000)) in the prepeak region is shown here. The photon energy was 138

island _formation- The true epitaxial growth of the film is hard ey This is an expansion of thepspeak shown in Fig. 2. Here, asymmetry
to achieve due to the presence of surface defects and steps30% was observed.
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achieved by rotating the Sample aZimUtha”y 180° instead of 70, 3479(1993; Solid State Commur86, 647(1993; F. U. Hillebrecht,

. . . . : L . B. Rose, T. Kinoshita, Y. U. Idzerda, G. van der laan, R. Denecke, and
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pUIse' B. Rose, W. G. Park, E. Kisker, and N. A. Cherepkov, Phys. ReS3B
12182(1996.

C. Dichroism in angle-resolved photoemission 108, T. Thole and G. van der Laan, Phys. Rev. Léf, 3306(199)); G.

spectroscopy van der Laan, Phys. Rev. Bl, 240(1995.

. o . ) W, Kuch, M. T. Lin, W. Steinhogl, C. M. Schneider, D. Venus, and J.
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